To elicit the effects 
Introduction
The study of the interactions between the heart period (RR interval) and the systolic pressure (SP) is commonly performed by means of cross-spectral analysis, a classical frequency-domain tool which provides useful information about the strength of the coupling between the cardiovascular variables (through the coherence function), and is also used to provide spontaneous estimates of the baroreflex gain (trough the modulus of the RR-SP transfer function) 11,2]. The aim of this study was to assess, in different experimental conditions, the importance of accounting for causality in the estimation of the coherence between RR interval and SP and of the cross-spectral measure of the baroreflex gain. To this end, traditional and causal estimates of the coherence and the transfer function from SP to RR were compared in healthy young subjects in the resting supine position and after head-up tilt.
Methods

and SP interactions
Cross-spectral analysis of RR interval
The cross-spectra1 analysis of the variability of RR interval (r series) and SP (s series) is performed starting from the auto-and cross-spectral density functions (Pr( f ), P,( f ), and Psr( f )) of the two series. The coherence function measures in the frequency domain the strength of the linear coupling between r and s, and ranges from 0 (complete uncoupling) to 1 (fulI coupling).
The transfer function describes the transfer of power from one series to the other, according to a predefined input-output direction. After transforming (3) in the frequency domain, evidencing the transfer function matrix from the white noise inputs to the output series r and s, and calculating the power spectral density matrix, the auto-spectra and the cross-spectrum result Z,m= 1,2; tir,,,= 1 for I=m, 61m=0 for I+m.
Causal cross-spectral analysis
The autospectra and the cross-spectrum of the series s and r, and consequently the coherence and transfer function values, are affected both by the coefficients describing the self-influences on the two series (all and ~1 2 2 ) and by .the coefficients describing the mutual influences from one series to the other (alz and aZ1). As a consequence, the estimated coherence function is not able to distinguish whether a detected degree of coupling comes from feedback influences from s to r or from feedforward interactions from r to s, while the baroreflex transfer function may be affected by the presence of feedforward reverse influences from r to s.
To overcome these limitations, a causal cross-spectral analysis can be performed, after bivariate AR identification, by setting to zero the coefficients describing the mutual influences in the direction opposite to that under analysis [4] . In this way, the causal coherences from s to r and from r to s are defined as [4] while a causal estimate of the baroreflex gain is [ 5 ] 
Experimental protocol and data analysis
Ten healthy young subjects (age 25k3 years) were considered for the analysis. RR interval and SP series were taken from the ECG and the photopletismographic arterial pressure signal with subjects in the supine resting position and after passive 60" head-up tilt.
Before performing cross-spectral analysis, the variability series were windowed to 300 samples, cleaned up from artifacts, and detrended to fulfill stationarity criteria. Starting from each pair of r and s series, the bivariate AR model (3) was identified by the least squares approach described in [6] . The model order was selected according to the Akaike's criterion for multivariate processes [71. The estimated model coefficients were then used to calculate the coherence and transfer function gain using both noncausal and causal approaches. The significance of the coupling and of the causal coupling between two series was assessed by means of a statistical approach based on surrogate data [SI. This method produces a zero level function which is used as threshold to assess at each frequency whether a given coherence or causal coherence value indicates a statistically significant degree of coupling or not.
Results
A representative example of the calculation of the coherence between RR interval and SP in a healthy young subject by noncausal and causal approaches is depicted in Filled circles indicate the functions sampled at the maximum coupling inside the low frequency (LF) band.
The pattem of interaction between RR and SP shown in Fig. 1 was confirmed by averaging the coherence values over the 10 analyzed subjects. Indeed, as shown in Fig. 2 , high values of the coherence found both at rest and after tilt corresponded to a prevalence of the feedforward interactions from r to s at rest, and of the feedback effects from s to r after tilt. The difference between the coupling degree on the two causal directions resulted as statistically significant at rest. The traditional coherence evaluated at LF was significant (i.e., exceeded the zero-level threshold) in all subjects in both rest and tilt conditions. Differently, the number of subjects showing a significant causal coupling was 1 at rest and 9 after tilt for the feedback direction, and IO at rest and 7 after tilt for the feedforward direction. Fig. 3 reports the gain of the baroreflex transfer function estimated by noncausal and causal approaches on the healthy subject for which the coherence is reported in Fig. 1 . While in the resting supine position the two LF estimates are markedly different, after tilt the values of causal and noncausal gain are fairly close. Filled circles indicate the functions sampled at the maximum coupling inside the low frequency band.
As shown in Fig. 4 , the two approaches used to estimate the baroreflex gain from the cross-spectral functions produced statistically different values al rest, while the distributions of causal and noncausal gain estimates were substantially super imposable after tilt. 
Discussion and conclusions
The main result of the present study is that the widely studied baroreflex regulation of heart rate is not the only mechanism responsible for the interactions between RR and SP in healthy humans. Indeed, we found that a nonnegligible degree of coupling occurs in the causal direction from RR to SP at the frequency of the Mayer waves (around 0.1 Hz). Particularly, such non-baroreflex interactions seem to play a major role in the determination of the RR-SP coupling when subjects lie in the supine position. With the orthostatic stimulation induced by tilt, the coupling on the two arms of the RR-SP regulatory loop became balanced as a result of a significant baroreflex activation along with a slight weakening of the non-baroreflex interactions,
The comparison between the traditional cross-spectral estimation of the transfer function gain [2] and the corresponding causal approach (51 allowed us to assess the impact of non-baroreflex interactions in the spontaneous estimates of the baroreflex gain. As expected the causal estimate resulted always lower than the traditional one, and the difference was significant at rest, in accordance with the large presence of non-baroreflex interactions which are, likely to corrupt the noncausal estimate [ 5 ] . Also the selection of the gain values deserves some comments. Commonly, a criterion based on the presence of a significant coherence is used to assess the reliability of transfer function values [9] . Despite this, in the present study the gain estimates were taken into consideration even when the coherence (or the causal coherence) was below the zero-level threshold determined as in [SI. The choice of relaxing the coherence criterion is due to (i) the consideration that non-significant coherence values only imply that the input-output relationship under analysis is negligible with respect to other sources affecting the output, but not that such a relationship cannot be investigated; (ii) the fact that low coherence values are often the expression of low system gain [9] ; and (iii) the finding that the zero coherence test may often fail in detecting weak coupling degrees (i.e., the estimated coherence may often fall below the threshold even if the true coherence is nonzero) [81.
In conclusion, this study evidenced the necessity of accounting for causality in the analysis of the RR-SP interactions in physiological conditions. The utilization of causal cross-spectral analysis allowed us to detect the presence of significant non-baroreflex interactions, and to weigh their effects in the estimation of the spontaneous baroreflex gain.
